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An electronic Mach-Zehnder interferometer is employed as a detector for the non-Gaussian current 
noise emitted from a quantum point contact (QPC). The visibility of Aharonov-Bohm interference 
in the interferometer constitutes a direct probe of the generator of the full counting statistics (FCS) 
of the current fluctuations. The visibility shows a lobe and node structure vs. the applied dc bias, 
which depends on the transmission 7o of the QPC, and changes qualitatively at 7o = 1/2. The 
analysis of the data provides direct experimental evidence for a singularity in the FCS. The noise is 
highly non-Gaussian and leads to an abrupt disappearance of the multiple side lobes for 7o < 1/2. 
Together with a singularity of the dephasing rate these observations constitute an experimental 
evidence of a recently predicted noise-induced phase transition occurring at 7o = 1/2. 

PACS numbers: 73.23.Ad, 73.63.Nm 



Quantum noise is an important manifestation of the 
probabilistic nature of quantum mechanics that persists 
also at zero temperature. Experimental investigations of 
quantum noise have so far mainly concentrated on the 
shot noise, i.e., the variance, or second cumulant of cur- 
rent fluctuations.^ For general non-Gaussian noise, fur- 
ther information about the statistics of current fluctua- 
tions, i.e., the full counting statistics (FCS) is contained 
in the higher order cumulantsP Only a few experimen- 
tal studies of the higher order cumulants exist. Already 
the 3 rd cumulant is usually an utterly small quantitjEBJ 
and measuring even higher cumulants was possible only 
in the spec ial cases, where electrons can be counted one- 
by-onePSl A direct measurement of the FCS-generator, 
which contains information about all higher cumulants 
of the FCS has not yet been demonstrated. 

Signatures of non-Gaussian noise have been observed 
also via its effect on the visibility of an electronic Mach- 
Zehnder interferometer (MZI) with edge channels in the 
integer quantum Hall effect (QHE) at filling factor ff = 2 
(see Fig. [T^,b)!^l Introducing noise into the copropa- 
gating inner edge channel, which was electrically dis- 
connected from the interfering outer edge channel, was 
shown to reduce the visibility. A particular V-shaped 
dependence of the visibility v of the interference on the 
transmission of the co-propagating channel was observed 
and attributed to the non-Gaussian character of the 
noise! 1 -^ However, this observation was not reproduced in 
a similar experiment,^ nor was it linked to the peculiar 
multiple lobe structure in v(Vd c ) of such interferometers. 

Multiple side lobes were observed experimentally in the 
differential visibility u(V dc ) = {G max - G mm )/(G max + 
Gmin) for a noiseless incident beam, and filling factors 
2 > ff > 1.5) 12 1 131 G is the differential conductance of 
the interferometer. Fig. [I] shows a typical sample (a) , 
the device schematic (b), v normalized to its value Pq 



at Vdc = (c), and the corresponding phase evolu- 
tion (d). To explain these side lobes several theories 
have been proposedP^H^l Most of the experimental ob- 
servations can be consistently explained by modelling 
the QHE-edge as chiral quantum wires supporting co- 
propagating magneto-plasmon modes. Coulomb interac- 
tion between these modes results in a pair of charged 
and neutral (dipolar) plasmon modes propagating at dif- 
ferent velocities along the edge (see Fig.JI^). Because of 
this velocity difference charge oscillations introduced in 
one of the edges can be transferred from one edge to the 
other, resulting in a collapse of the interference pattern 
at certain equidistant voltages V m = (m — 1/2) Vq for a 
given arm length LP^ The only free parameter in the 
theory is the velocity of dipole plasmons. It is reflected 
in a characteristic energy et, = eVo — 2irhv/L that de- 
pends on L. For two interferometers of different L, el 
is extracted from the position of the 2 nd visibility node 
at voltage V% in Fig. [Ik, which corresponds to a value of 
Vq-L — 2.8-10~ 10 Vm, corresponding to v = 1.1- 10 5 m/s. 
For sample A (B) we obtain e l = 45.8 (30.6) /zeVP 

Recently, two of the authors suggested a new exper- 
imental probe to obtain direct information about the 
FCS of current fluctuations in a quantum point contact 
(QPC) with transparency 7o by coupling it to the input 
of a Mach-Zehnder interferometerPS In such an arrange- 
ment, the visibility of the interference in the interferome- 
ter turns out to be directly related to the normalized gen- 
erating function h(X) = (2Trh/e 2 V dc ) Em(( /m ))( iA )"7 m! 
of current cumulants ((I m )}, while the counting field A 
plays the role of a coupling constant between the two 
quantum systems. The generating function for a QPO^ 

MA)=ln[l+To(e lA -l)] (1) 

displays for A = ±7r a singularity at transmission 7o = 
1/2, which in the context of quantum measurements re- 
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FIG. 1. (a) Scanning electron micrograph of the sample with marked gates QPC 0, QPC 1, QPC 2 and the modulation 
gate MG. The black line represents the edge channel used for the interference. QPCs 1 and 2 are set to half transmission 
and QPC is set to transmit the outer edge with probability To- Ramping the modulation gate alters the area between the 
electron paths and thus the Aharonov-Bohm phase, (b) Schematic of the edge channels in the MZI connected to source and 
drain. The black line is the outer edge channel carrying interfering electrons and the light blue line represents the inner edge 
channel, (c) Multiple lobe structure: If a dc voltage is applied to the interfering edge channel [black line in panels (a, b)] 
the differential visibility shows a multiple lobe structure with several nodes, which is displayed for two samples, A (red line) 
and B (black line). When scaling the visibility with respect to the zero bias maximum visibility vo and the voltage with respect 
to the node spacing Vo the curves of the two samples collapse, (d) The phase evolution The lobes are reflected as phase-rigid 
plateaus within the lobes and phase jumps of n at the nodes, (e) Illustration of charged and dipole plasmons: An 
electron tunnelling through QPC1 excites plasmon wave packets, i.e., a superposition of charged and dipolar plasmon modes. 
At QPC2 the charge- and dipole-plasmons acquired a relative phase shift (see Eq. [4| that transfers the plasmon wave-packet 
to the unbiased edge channel (blue line), where it cannot interfere with the companion wave-packet travelling in the other 
interferometer arm™^ The plasmon wave-packets leaving the interferometer via the unbiased channels contribute with a weight 
set by the transparency of QPC1 in both detector terminals, and hence reduce the visibility v [left panel (•), Vd c = Vo/2] 
until it reaches a node [middle panel (•), Vdc = Vo]- At Vdc = 3Vb/2 [left panel (•)] the wave-packets are recollected at QPC2 
and the visibility is partially recovered. (f) Illustration of the origin of the electrostatic phase shift: A spatially 
homogeneous charge density q = —Ne/(2L) is accumulated at the outer edge channel in the upper arm of the interferometer. 
The corresponding electric potential leads to a homogeneous shift of the energies in the channel. The spatial shift of the biased 
edge caused by the accumulated charge density results in an electrostatic phase shift of ir (see Eq. |5| in the charge component 
of the wave function. 



fleets perfect entanglement between the MZI and the 
QPC as a consequence of the strong coupling between 
the twoP 1 

In this article, we the investigate signature of the full 
counting statistics of current fluctuations of a quantum 
point contact, directly coupled to the interfering edge 
channel of a Mach-Zehnder interferometer. We exploit 
the sensitivity of the multiple lobe structure of v to 
the noise in the incoming beam, and present experi- 
mental evidence for a new type of noise induced non- 
equilibrium phase transition that was predicted to occur 
at 7o = 1/2.™ The singularity in the full counting statis- 
tics (Eq. [T]) is reflected in an abrupt transition from a 
regime with multiple side lobes, with Vo-periodic oscilla- 
tions in the visibility f(Vdc) to a regime with only one 
node. The dephasing rate is strongly peaked at the tran- 



sition point 7o = 1/2. The theory describes the observed 
variations of v{V^ c ) very well, and gives a quantitative 
account for the shift of the visibility nodes V m as func- 
tion of 7o- 

The results are obtained on two samples made from dif- 
ferent wafers. Sample A was structured in a modulation 
doped GaAs/Ga^Ali-^As heterostructure with a two di- 
mensional electron gas (2DEG) 90 nm below the surface. 
The 2DEG density and mobility are n = 2 x 10 15 m -2 
and (j, = 206m 2 /(Vs) (fx = 289m 2 /(Vs) in sample B) 
at 4 K on the unpatterned wafer. The exact patterning 
procedure is described in Ref. HO The arm's length L of 
the interferometers is estimated to be 6.5 /im for sam- 
ple A and 8.7 /im for sample B. The structures contain 
not only the MZI, i.e. QPC 1 and 2 and two drains, 
but also an additional quantum point contact (QPCO) 
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between source and MZI. This QPCO is situated a dis- 
tance d = 5 fim for sample A and 8 /jm for sample B in 
front of QPC 1 (see Fig. |T^) . A standard lock-in tech- 
nique (/ ~ 300 Hz) was used to measure the output cur- 
rent via voltage drop between terminal D2 and another 
(grounded) ohmic contact. An ac voltage of 1 fiV plus 
a dc voltage V& c were applied to measure the differential 
conductance G(Vd c ) = dI(Va c )/dVd c - We employed noise 
thermometry, to ensure that the electron temperature 
in the interferometer is close to the bath temperature.^ 
Sample A was measured at a magnetic field of 4.73 T 
(ff = 1.7) and with ideal configuration of the QPCs a 
(maximum) visibility of 65 % at Vdc = is achieved, sam- 
ple B at 4.5 T (ff = 1.8) with a maximum visibility of 
33.5%. 

In order to elucidate the relation between the FCS and 
the interferometer visibility, let us briefly summarize the 
theory of Refs. fT8l and l22l in elementary terms: the state 
of the interferometer is given by a product of charge and 
plasmon components, and changes upon the entrance of 
a quasiparticle at QPC1 as 

\1>n) = W) ->■ \4>n+i) = \N + 1) |plasmons) , (2) 



where 



N 



eVdc 



2irhv ' 



(3) 



is the number of excess quasiparticles in the interfer- 
ometer, and the plasmon state is a superposition of 
charged, and dipole modes |plasmons) = (| charged) + 
| dipole))/^. We assume that the group velocity v of 
the dipole mode is much smaller than that of the charge 
mode. As we show next, this implies that v and the cor- 
responding energy scale £l = litft/v/L enters both the 
phase shift between charge and dipole excitations, and 
the quantum capacitance of the channels. 

Upon propagation towards QPC2 the plasmon compo- 
nent of I^jv+i) undergo a dynamical evolution, i.e. 



jplasmons') 



| charged) + exp(z27riV)| dipole) 

71 



(4) 



with a dynamical phase shift 2nN — eVd c L/(Hv) of the 
dipole mode excited at energy eVd c - On the other hand, 
the charge component 



\N + V) = exp(-inN)\N + 1), 



(5) 



acquires an electrostatic phase shift of — ttN — 
(—e/2)Vd c L/(Hv), because the excess charge (—e/2)N = 
CqVdc per channel corresponding to an excess of N quasi- 
particles in the interferometer, is related to the voltage 
bias Vd c via the quantum capacitance C q = e 2 Lg(e) = 
e 2 /(7T£i), where g(e) is the density of states of the one- 
dimensional channel. Both phase shifts can thus be ex- 
pressed in terms of N (see Eq. [3| . Combining the charge 
and plasmon sector the total overlap of the wave func- 
tions I^jv+i) an d IVw+i)' reads: 



(V'JV+iIV'jv+i) 



-iirN 



l + e 



i2ttN 



This result explains the periodicity and phase rigidity of 
the lobe pattern observed in Fig. [T]i. 

In Fig. [lb a strong damping of the oscillations is seen 
that has been phenomenologically accounted for by an 
additional factor D(V Ac ) = exp(-(eVd c ) 2 / 2£ o) in Ref. 1151 
with a characteristic energy e that is of the same order 
of magnitude as el- The damping is an effect of inelastic 
scattering,^ which is not contained in the theory. In the 
following it will be removed by normalizing the visibility 
^(VdcjTo) with respect to ^(Vd c ,7o = 1). 

The essential point is now that the overlap of inter- 
fering quantum states in Eq. [6] depends on the number 
of excess quasi-particles in the interferometer, which is 
equal to N for 7o = 1- If the transparency To of QPCO is 
reduced below one, this number becomes a random vari- 
able n, which fluctuates according to the binomial statis- 
tics between and N with the average value (n) = TqN . 
To find the visibility of the interference pattern v one 
needs to average the overlap (ip n +i\ip' n+1 ) over the pos- 
sible particle numbers: 



N 

E 



P(N, n) cos(7rn) 



Re exp[iV • h{iv)] , (7) 



cos (ttTV) . (6) 



where N ■ h(X) = In [J^q P(N,n)e lXn ] is the cumu- 
lant generating function of the binomial distribution 
P(N,n) = B^T n {l - T ) N ~ n , and being the bi- 
nomial coefficients. Hence, the generator of the QPCs 
FCS is directly related to the visibility of the interfering 
currents. The evaluation of the sum in Eq. [7] results in: 

v = | cos[N • 9(2T - 1)] | ■ exp [N ■ In \2% - 1| ] , (8) 

where O is the Heaviside step function, and the non- 
analytic structure of v stems from the singularity in h(X) 
at A = 7r and 7o = 1/2. This is the origin of the noise- 
induced phase transition predicted in Ref. [2"2"1 

The result in Eq. [8] contains an oscillatory and a de- 
phasing factor, which both depend on N and To- For 
% > 1/2 multiple side lobes are expected, with visibil- 
ity nodes that remain independent of Vd c - For To < 1 
the normalized visibility is exponentially damped at large 
Vdc- From the logarithm in the dephasing term in 
Eq. [8] one expects a divergence of the dephasing rate at 
To = 1/2. The more rigorous treatment in Ref. [22] and 
our numerical calculations (see supplementary material) 
take into account the quantum fluctuations of n and re- 
sult in a divergence of the oscillation period, when To 
approaches 1/2. 

In the following, we show that all of these rich and 
intriguing predictions are observable in our experiment, 
and provide clear evidence for the non-Gaussian charac- 
ter of the noise. In Fig. [2] we present the evolution of the 
lobe pattern when we introduce noise to the interfering 
edge channel of the MZI by closing QPCO (see the inset 
in Fig. [2]) so that the outer edge channel is only partially 
transmitted. For To > 0.5 the number and position of 
the visibility nodes, stays (almost) constant, while the 
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FIG. 2. Visibility lobe structure of sample B (L = 

8.7 L-im) for different To'- When closing QPC (see inset) 
below 7o = 1 the node positions remain essentially unchanged 
for transmissions To > 0.5, i.e., multiple side lobes with the 
same widths of lobes and position of nodes as for 7o = 1. 
The lobe height is strongly reduced at finite dc bias. Below 
To = 1/2 the lobe structure changes from the multiple side 
lobe behavior to a single side lobe behavior. The central lobe 
width increases with decreasing transmission and the first side 
lobes are stretched to large bias. 



height of the second side lobe is gradually suppressed. 
The number of the side lobes and the phase rigidity is 
more clearly seen in the derivative d(p(Vi c ) /dV^c of the 



phase plotted in Fig. 
is hard to see in Fig. 



3 Close to To — 0.5 a second node 
2 but a drop to zero visibility and 
the phase jump is still apparent in the gate modulation 
of the MZFcurrent in Fig. [3j Some structure is also seen 
at To = 0.5 (see supplementary material). 

The situation changes drastically for To < 0.5 
when multiple nodes and multiple side lobes disappear 
abruptly. This is seen very clearly in Fig. [3| The central 
lobe width is increasing with decreasing QPC0 transmis- 
sion, i.e., the remaining single phase step shifts to high 
voltages and no additional nodes can be seen (see Fig. [2]). 

Next we present a detailed and quantitative compar- 
ison of dependence of the measured position of the vis- 
ibility nodes and the height of the second side lobe on 
To with numerical calculations (see supplementary mate- 
rial) that extend the predictions of Ref. |22j In Fig. [4^ 
we plot the positions V m of the first three visibility nodes 
vs. % for sample B. For To = 1 these are expected at 
V m = (m— 1 /2) £l I e. Only the first visibility node is ob- 
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FIG. 3. Phase changes of sample A (L — 6.5 /an) for 
different To: As in Fig. [TJd the phase evolution shows steps 
at visibility nodes, which become more discernible as peaks. 
Curves show the numerical derivative d<p(Vdc)/dVdc of the 
phase for different transmission of QPC0 (from 1.0 to 0.2 in 
steps of 0.1). The width of the inner pair of phase steps re- 
mains nearly fixed for To > 0.5. Upon a further decrease of 
To the width of the central lobe is increasing. 



served in the whole range of transparencies 0.1 < To < 1. 
The presence of the 2 nd and 3 rd visibility node is limited 
to the range 0.5 < 7q < 1, as predicted for non-Gaussian 
noise only. For decreasing transparency To the nodes 
shift outward in a way that is captured quantitatively 
by our numerical calculations (full lines) when using the 
value for the velocity of dipolar plasmons determined 
from Fig. [TJ;. The dashed lines arise, when Gaussian 
noise is modelled by truncating the Taylor expansion of 
the FCS-generator (Eq. [IJ in A after the quadratic term. 
In this case, a stronger variation of all visibility nodes 
with To is expected, and the 2 nd and 3 rd node should 
exist also below % — 0.5. The observed absence of vis- 
ibility nodes with m > 1 is thus strong evidence for the 
non-Gaussian character of the noise. The position of the 
1 st visibility node is slightly reduced with respect to the 
expected value £i/2e. 

According to our theory, the amplitude of the second 
side lobe ^2nd(7o) vanishes in a universal quasi- linear 
fashion near To — 0.5, i.e., it is independent of the sys- 
tem parameters v and L. In Fig. [4]d we present the ratio 
i / 2nd(7o)/i / 2nd(7o = 1) of the maximal visibility ampli- 
tudes ^2nd(7o) determined form sweeps of the modulation 
gate. The normalization with respect to ^2nd(7o = 1) is 
necessary, to divide out the additional dephasing factor 
■D(Vdc) discussed above. Within the limits of the exper- 
imental accuracy, our data are again in good agreement 
with the theory. 

In order to illustrate the character of the transition, 
and demonstrate the agreement of the measured data 
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FIG. 4. Nodes, lobes, and the phase transition: (a) Dots: Measured visibility node positions V m vs. the transparency 
of QPCO. The nodes shift outward, and disappear for m > 1 at To = 1/2. Solid lines: Predictions of the full theory using 
the characteristic energy el = 30.6 fieV extracted from Fig. [TJ;. Dashed lines: Gaussian approximation of the theory, (b) 
Dots: Maximal visibility (i/ 2 „d) of the second side lobes [see Fig. [2] (sample B)], normalized with respect to i/ 2 nd(7o = 1)- 
Solid (dashed) line: theoretical prediction for the full theory (its Gaussian approximation). While the Gaussian approximation 
predicted multiple side lobes for all values of 7o, they appear in the full theory only for To = 0.5. (c) Inverse normalized node 
spacing e{Vi — Vi)/sl as a signature of the non-equilibrium phase transition. Full line: full numerical calculation of the node 
spacing. Dotted line: expectation from the approximation of Eq. [3] Dashed line: Gaussian approximation of the full theory. 
The dash-dotted line indicates the point of the phase transition. In presence of non-Gaussian noise the inverse node spacing 
vanished abruptly at the transition point To = 1/2. (d) Dephasing rate V^ 1 extracted from the exponential decay of f(Vdc) 
in Fig. [2]for To < 1/2 (squares) and the amplitude of the t / 2 nd(Vdc) in (b) for To > 1/2 (triangles). The dotted line represents 
the dephasing rate extracted from Eq. [8] while the solid line is the result of the numerical simulations. No free parameters are 
adjusted in the theory curves of all four panels. 



with the structure of Eq. [8] we display the peculiar varia- 
tion of the arguments of the cos and exp-factors in Eq. [8] 
vs. To- Figure [4j; shows the variation of the inverse node 
spacing eo/[e(V~2 — V\)] extracted from Fig. [4^,. Instead 
of a step function (dotted line) expected from the ele- 
mentary argument leading to Eq. [8j a rounding of the 
step is found that results from quantum fluctuations of 
N and agrees well with our numerical calculation (full 
line). On the other hand, the Gaussian truncation of the 
FCS predicts a linear decay from 1 to (dashed line) 
rather than a step. Again, the absence of higher visi- 
bility nodes below 7o = 1/2 demonstrates the essential 
contribution of the higher cumulants contained in Eq. [T] 
Moreover, the abrupt decay of £o/[e(V2 — Vi)] at the tran- 
sition point To = 1/2 suggest to consider this quantity 
as a normalized order parameter for the non-equilibrium 
phase transition predicted in Ref. 

In Fig. [4]i we display the peaked behavior of the de- 



phasing rate V^" 1 (7o) = (e/2L) ■ ln|27o — 1| defined by 
Eq. [8] The points were extracted from from Fig. |4Jd for 
To > 0.5, and the exponential tails of v{V& c ) in Fig. [2] 
for To < 0.5. We see that V z J 1 (7o) shows indeed a pro- 
nounced peak at the transition point To — 0.5 which 
decays in a way that is quantitatively reproduced by the 
theory, using again the same value for the velocity of 
dipolar plasmons determined from Fig. [TJ:. The singular 
dephasing rate at the transition point reflects the domi- 
nance of the non-Gaussian noise at the non-equilibrium 
phase transition. 

In conclusion, our work constitutes a detailed in- 
vestigation of the effect of non-Gaussian noise on the 
visibility of interference in electronic interferometer. The 
lobe- and node structure of the visibility directly reflects 
the peculiar analytic structure of the generator of the 
full counting statistics of a quantum point contact. It 
provides first experimental evidence of a singularity in 



G 



the FCS that is intrinsic to binomial statistics, and 
that induces a novel type of non-equilibrium phase 
transition. In addition, the excellent overall agreement 
of the observed behavior of the visibility with the 
predictions of the plasmonic edge model provides firm 
evidence that the latter captures the essential physics 
behind the complex interference phenomena observed in 
Mach-Zehnder interferometers with two co-propagating 
edge channels. 
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Supplementary information for "Noise- 
induced Phase Transition in an Electronic 
Mach-Zehnder Interferometer: a Manifes- 
tation of Non-Gaussian Noise" 



I. ANALYSIS 

We measured dl/dVdc — G vs. Vd c for a range of mod- 
ulation gate voltage V mg . An example of raw data can be 
seen in Fig. [S5k. The sinusoidal oscillations for ramping 



Vmg and the decaying oscillations for Vd c are well-defined. 
In the raw data the multiple side lobes can be seen as a 
chess board pattern that fades out at larger Vdc- We 
extract the visibility 



Gmax (Vdc) Gmin (Vdc) 
Gmax (Vdc) H~ Cmm(^dc) 



(S9) 



of the interference pattern at each bias voltage Vd c 
(Fig. |S5b ) . The Aharonov Bohm phase and the visibility 
in Fig. 2 of the main part are determined from sine fits 
of modulation gate traces at certain Vdc relative to the 
trace at zero bias (Fig. [S5ji) . 

We fit the measured modulation gate traces to 

G(V mg ) = G av + G oscS m(V mg /V p + A<p) (S10) 



T = 0.88 G D2 (e 2 /h) 



0.36 



0.39 



\ -2701 




-80 -60 -40 -20 20 40 60 80 

FIG. S5. Raw and processed data: (a) Gray scale plot 
of the measured conductance G(Vdc,Kn g ) for To = 0.88. 
Checker-board pattern of dark and bright regions reveals cen- 
tral lobe and two additional lobes on each side, (b) The visi- 
bility of the in (a ) m easured oscillatory conductance extracted 
(c) The AB-phase shift Atp with respect 



Si) 



with Eq. S10 



according to Eq. 

to Vdc = obtained from fits of traces G(V mg ; 
Constant phase inside lobes and jumps of ir at nodes can be 
seen, (d) The numerical derivative of tp further highlights the 
position of the nodes as pronounced peaks. 




-100 -50 
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FIG. S6. Sine fits of gate traces: On the left the visibil- 
ities vs. Vdc for Tqpco = 0.57 (top) and 0.54 (bottom) are 
displayed. On the right are according modulation gate traces 
(black line) of the marked Vdc (dashed vertical lines in the left 
plots) at the center of the lobes and their sine fits (red line). 
For Vdc ~ 75 [iV only residual oscillations buried in noise are 
present. 



with the four parameters G av , G osc , V p , and Aip = 
¥>(0) — y(Vdc)- For a measurement of each transmission 
To we fit the period V p only once for the large oscilla- 
tions at zero bias and then keep it fixed for the other 
traces of one measurement. Examples of typical modu- 
lation gate traces and the corresponding fit curves can 
be seen in Fig. [S6] for transmissions 0.57 and 0.54. In 
this way we trace the phase evolution at the frequency of 
interest even if it is nearly buried in noise. This becomes 
crucial for very small oscillation amplitudes. From such 
fits we determined V2nd in Fig. 4b of the main part for 
transmissions 7o close to 0.5. 



Fig. S5I shows the numerical derivative of if {Vdc) to 



highlight the phase jumps at the nodes, as it is used in 
Fig. 3, main part. For the evaluation of the node posi- 
tions V m and the height of the second side lobe in Fig. 4 
of the main part, both visibility and phase evolution are 
analyzed to determine the node positions. 



II. CHARACTERIZATION OF THE 
INTERFEROMETERS: 

Two samples are studied, which differ in interferometer 
arm length L and distance d (see Methods). The maxi- 
mal two-terminal conductance is ~ 2e 2 /h, corresponding 
to two transmitted edge channels. We use QPC0 to se- 
lectively bias the outer edge channel, while the source 
terminal of the inner channel is left grounded (7o = 1)- 
QPCs 1 and 2 are set to reflect the inner channel, im- 
plying that the interference takes place only in the outer 
edge channel. At zero bias we reach maximal interfer- 
ence visibilities (v$) of 65% in sample A and 33.5% in 



sample B. Besides the maximum visibility vq the lobe pe- 
riodicity Vo is different for the samples. Both parameters 
depend on the magnetic field, the temp erature and the 
arm length L of the interferometer J214ISI 

The visibility vq at zero dc bias decreases exponentially 
with L, v oc exp(— 2L/l lp ), with the coherence length 
l v oc T" 1 , similar to the data in Refs. |4] and [2j The 
different maximum visibilities of the two samples result 
from the different sizes L, affecting both vq and V$. The 
normalized visibility pattern f(Vd c /Vo)/vo m Fig. fc of 
the main part turns out to be independent of L. We can 
conclude that for To = 1 the differences between both 
samples are controlled by only one parameter, i.e., the 
L-dependent characteristic energy el — 2ttHv/L. The 
presence of visibility nodes is even more clearly visible 
in the evolution of the Aharonov-Bohm phase. In the 
visibility only two side lobes can be seen clearly, whereas 
the analysis of the residual oscillations at high bias volt- 
ages by sinusoidal fitting (see methods) display one more 
phase jump, revealing a third side lobe in sample B. 
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III. COMPARISON OF SAMPLES A AND B 

In the main part we mainly display data obtained on 
sample B. Here we present an overview of the lobe struc- 
ture for sample A in Fig. |S7[ The qualitative behavior 
in sample A is similar to sample B, i.e., the positions V m 
of the multiple side nodes (see Fig. S7i) and the phase 
jumps (see Fig. S7j) remain fixed for To > 0.5 and the 
location V\ of the single side node increases for To < 0.5. 
Such behavior is also seen in the numerical derivative of 
y(^dc) (Fig. 3 of the main part). For To = 1 we can 
match the visibility curves for the two samples very well 
by normalization with respect to the node spacing Vq and 
the zero-bias visibility v (see Fig. lc in the main part). 

In contrast, for lower transmissions 7o < 1 of QPC0 
differences between sample A and B remain, which orig- 
inate from the operation of QPC0 as a source of cur- 
rent noise at the interferometer input. In Fig. [S8] the 
discrepancies are shown for two exemplary transmissions 
To = 0.7 and To = 0.2. The voltages are scaled with re- 
spect to 2Vi extracted from the trace with To = 1. The 
measurement of the phase shift in Fig. |S7b allows an 
unambiguous determination of the node positions V r 
which are marked by the dashed lines in Fig 



SS 



Be- 
cause of the scaling the first visibility nodes match, but 
the second visibility nodes disagree for To = 0.7. More- 
over, even the first visibility nodes of the two samples do 
not collapse for To = 0.2. In addition, a foot develops in 
v near Vdc < V\. 

The overall variation of V\ vs. To for both samples 
is shown in Fig. [S9] together with theory curves for the 
Gaussian and non-Gaussian case. For lower transmis- 
sions the shift of V\ with transmission is much stronger 
for sample A, when compared with sample B. Below 
To = 0.5 a cross-over from non-Gaussian to Gaussian be- 
havior is observed for sample A. This observation can be 



FIG. S7. Evolution of the lobe structure in sample A: 

Visibility (a) and phase shift (b) vs. dc bias voltage for various 
transmissions of QPC0 for sample A. For 7o > 0.5 multiple 
side lobes are present in the visibility and the phase evolution, 
similar to sample B. For To = 0.2 we see a wide central lobe 
and only single side lobes. The position of the nodes is clearly 
visible in the phase behavior by jumps and we can deduce the 
lobe structure. 



made plausible by the following argument: at finite volt- 
ages the statistics of the particle numbers transmitted 
through QPC0 is expected to be non-Gaussian.^ It was 
shown in Ref.Ul however, that a weak non-linearity in the 
spectrum of the plasmon modes k(u>) = uj/v+jLu 2 sign(u!) 
can suppress the contributions of higher order cumulants 
in the FCS generator for distances L g = l/(7TVd c ) 2 
that strongly depend on the bias voltage Vd c . Such a 
non-linear plasmon dispersion relation can also lead to 
a non-linear conductance of the QPC. A cross-over to 
Gaussian noise can result from a decrease of L g (Vd c ) 
with larger Vdc, or from sufficiently strong nonlinearity 
of the plasmon dispersion relation in sample A, which 
ensure L g < d already at small voltages. We checked 
carefully that sample B shows negligible nonlinearities in 
the current-voltage-characteristic of the QPCs. This is 
consistent with the observed non-Gaussian behavior of 
the visibility. On the other hand, we found that sample 
A has strong nonlinearities in the conductance. Because 
the arm length L of interferometer A is smaller, the im- 
portant energy el and thus the required voltages V m are 
larger in sample A (the ratio L/dis similar in both sam- 
ples). Together with the strong voltage dependence of 
L g this may explain the observed cross-over from non- 
Gaussian to Gaussian behavior of V\ for To < 0.5 and V% 
for To > 0.5 in Figs. |S8| and|S9| The larger characteristic 
energy el of sample A makes it more prone to a suppres- 
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FIG. S8. Differences between samples A and B: The 

visibility for To = 0.7 and To = 0.2 of both samples are shown. 
The dashed lines mark the position of the second nodes (upper 
panel) and first nodes (lower panel) for sample A (black) and 
B (red). Though for To = 1 the curves for sample A and B 
coincide after scaling by and Vo, this is different for lower 
transmission of QPCO. 
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FIG. S10. AB-phase evolution at the phase transition: 

For To = 0.5 (measured for Vdc = 0) multiple side lobes are 
observed for sample A. In sample B only single side lobes are 
visible with a width similar to To > 0.5. The phase evolution 
shows in both samples a jump of 7r at the first node. In sample 
A we clearly see a further increase of the phase that saturates 
near 3n/2. The second side lobes are pronounced. Sample B 
shows a similar unexpected behavior. 



visibility node a further gradual shift of the phase to- 
wards higher values can be clearly seen. The additional 
phase shift saturates at ir/2 for sample A. In sample B 
only residual traces of an additional side lobe are visi- 
ble, which also do not obey phase rigidity. The fact that 
multiple side lobes are observed near To = 0.5 may be ex- 
plained by a variation of To with Vd c that are consistent 
with the observed non-linearities of the QPCs of sample 
Aj^l and result in a transmission To at finite Vd c , which 
slightly increases with Vd c . On the other hand, the de- 
viations from phase rigidity observed in Fig. |S10| cannot 
be understood in this way. 



IV. THEORETICAL METHOD 



FIG. S9. Evolution of Vl(To): The position of the first 
node V\ follows the non-Gaussian prediction for large To- For 
transmissions To < 0.5 the voltage V\ of the first visibility 
node (dots) grows more rapidly for sample A than for sample 
B, indicating a cross-over from non-Gaussian (solid line) to 
Gaussian (dashed line) behavior, in particular for sample A. 



sion of higher order cumulants at larger voltages, when 
compared with sample B. From Ref. [5] it is expected that 
there are no multiple side lobes at To — 0.5. In contrast 
to this prediction we observe traces of a second side lobe 
in our experimental data at To — 0.5, in particular for 
sample A (see Fig. S7 and Fig. 2, main part). Fig. S10 



shows the measured phase shifts for both samples at this 
point. After the jump of the phase from to tt at the 



In the main part of the paper, we present an expla- 
nation of the lobe-type pattern of visibility in electronic 
MZI in simple physical terms. A more rigorous descrip- 
tion of QH interferometers at filling factor 2, proposed in 
Ref. IH1 is based on the so-called bosonization approach. 
Here, we summarize this approach in order to support 
the elementary derivation given in the main part of the 
paper. For simplicity, we set e = H = 1 in the beginning 
and restore physical units at the end of calculations. 

Our experiment addresses the physics of MZIs at low- 
energies compared to the Fermi energy and at long dis- 
tances compared to the magnetic length. The low-energy 
spectrum of excitations of chiral edge states consists of 
the collective charge density oscillation (plasmons). Us- 
ing second quantization language, these excitations are 
described by creation and annihilation operators, satis- 
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fying the bosonic commutation relations 

[ a lak' a s'l3k'} = S as iS a pS kk i, (Sll) 

where s = 1,2 enumerates two arms of the interferom- 
eter, a = 1,2 enumerates two Landau levels at filling 
factor 2, and k is the wave vector. Namely, ID charge 
densities may be expressed as 



Psa(x) = (l/2n)d x (j) sa (x) 
in terms of boson fields 

<j> sa {x) = (p sa + 2nN sa x/W 

+ V^/kW(e lkx a sak + e 

k>0 



(S12) 



(S13) 



ikx t 



ikli 



which satisfy the canonical commutation relations 
\d(j) sa (x),(f) s ip{y)] = 2ni8 ss ,8 a p5(x - y). Here, W is the 
total size of the system (to be taken to infinity in the 
end of calculations), and the operators ip sa and N sa are 
the so-called zero modes, i.e, the modes with k = 0: 
N sa = J dxp sa (x) is the total number of electrons in the 
channel (s, a), and operators exp[— itp sa ] increases this 
number by 1. 

The key idea of the bosonization technique is to ex- 
press the electron creation operators in terms of the bo- 
son fields: 



^taix) = exp[-i<p sa (x)]. 



(S14) 



With the help of Eqs. ( |S11||S14[ ) one can check that (i) 
so-defined operators obey fermionic anti-commutation 
relations; (ii) they create local excitations with unit 
charge, i.e., they commute with charge density operators 
as \psa(x),ipt a {y)] = S(x-y)ipl a (x). When acting on the 
state of the interferometer, such operator first increases 
the total number of electrons JV sa by one, and second, it 
creates a bunch of plasmon excitations localized near the 
point x, as can be easily seen from Eq. (S14). These two 



effects are reflected in Eq. 2 in the main text. 

The convenience of the bosonization approach is in the 
fact that the Hamiltonian of interacting ID electrons is 
quadratic in terms of the boson fields and can be easily di- 
agonalized. In particular, it has been shown in Ref.|H]that 
the Hamiltonian of electrons interacting via the short- 
range potential U (x, y) = US(x — y) can be written as: 



dxV a i3p sa (x)p sl 3{x), 



(S15) 



where the inverse "capacitance" matrix V a p = U + 
2irv F^ap contains the Fermi sea contribution with the 
Fermi velocity Vp. It is easy to see that this Hamiltonian 
can be rewritten in the diagonal form: 



H = 



ir 



dx 
-in 



u(d x (f> s i(x)) 2 + v(d x (t> s2 (x)f 



(S16) 



in terms of the charge and dipole modes <p s i,2( x ) — 
[4> s i(x) ± 4> S 2(x)]/y/2. Note that the velocity of the 



charge mode u — U/tt + vp is much larger then the ve- 
locity of dipole mode v = vp in the limit of the strong 
interaction U 3> vp, which applies, e.g., for Coulomb in- 
teractions screened at relatively long distances. The new 
plasmon operators 



1 , . . 1 , 

a s ik — y^^sifc +a S 2k), a S 2k — -y^{a s ik 



a S 2k, 



(S17) 



have a simple physical meaning: They create and annihi- 
late charge and dipole plasmon excitations with the wave 
vector k. 

Next, we note that the zero mode contribution 
^2 VapN sa N s p/2W to the Hamiltonian (S15) can be in- 



terpreted as an energy of a capacitor with capacitance 
matrix W ■ V~} . Using this fact one can find the av- 
erage value of the charge operators in terms of electro- 
chemical potentials Ap, a . In particular, the total num- 
ber of electrons in the upper outer channel reads: Nui — 
W Y, -Via^a - WAp 1 /4irv, for Ap, 2 = 0, and where 
we have neglected small contribution ~ 1/u. Thus, ac- 
cording to Eqs. ( S14[ ) and (S14|, the excitations cre- 
ated by electron tunneling acquire the following phase 
from zero modes (restoring physical units and setting 
A/ii = eVdc) 

Sipo = -WA^/AttHv ■ 2irL/W = -eV dc L/2hv, (S18) 

which explains Eq. 5 in the main text. 

Let us now consider the dynamical phase acquired by 
the plasmons. From the Hamiltonian (S16) it follows 
that: 



d s ik{t) 



a —iukt~ 

e OLslk, 



a s 2k{t) 



„—ivkt~ 

e a S 2k- 



(S19) 



These relations determine the time evolution of the elec- 
tron operator (S14). On the other hand, the wave func- 



tion overlap introduced in the main part of the paper my 
be written as 



(S20) 

where the time integral projects an electron onto the en- 
ergy A/^i, with which it is injected. The similar contri- 
bution from the lower arm of the interferometer has been 
omitted for the sake of simplicity of the argument. 

The complication in the next step arises because 
each electron operator on the right hand side of 
(S20) generates an infinite number of terms, when 
expanded in the plasmon operators, which can be 
schematically expressed as following: (^jv+i IV'jv+i) ^ 
EC {k} C {k , } e-^ K+K '*> L S(Ap 1 + Ku + K'v), where C {k} 
and C{fc<} are the plasmon correlation functions for the 
sets of wave numbers ki and k[, and K = ^ . kj , K' = 
J2iK- Here we have used Eqs- < [S14| ), pl4| , ( [S19| >, and 
integrated over time t to obtain the energy conserving 
delta-function. It is easy to see that in the large-L 
limit the summation over all possible plasmon excita- 
tions leads to fast oscillations in the above expression 
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and to the suppression of corresponding contributions. 
However, two terms in this sum, the separate contribu- 
tions of the dipole and charge mode, constitute an ex- 
ception: (ip N +i\ip' N+1 ) oc J2 c {k}e~ lKL S(A^i 1 + Ku) + 
C{k'} e ~ lK L 5{^H\ + K'v). Thus, as a consequence 
of the linear spectrum of plasmons (and of the chirality 
of the system), we immediately arrive at the expression 
(iPn+iWn+i) « e lA ^ lL / u + e ' A ^ lL / v , which justifies our 
simplified approach in the main part of the paper, leading 
to Eq. (4). In the limit u 3> v, restoring physical units 
and setting A^i = eVd c , the relative phase shift due to 
the dipole mode reads 



5(p d = eVdcL/Hv. 



(S21) 



Note, that the universality of the ratio 5<pd/8<po = —2, 
which follows from strong interactions at QH edge, ex- 
plains the origin of the phase rigidity and phase transition 
phenomena observed in our experiment. 



V. NUMERICAL RESULTS FOR GAUSSIAN 
AND NON-GAUSSIAN NOISE VERSUS 
EXPERIMENTAL DATA 

In the main part of this work we illustrated the qualita- 
tive signatures of the phase transition when going from 
To > 0.5 to 7o < 0.5. Here we want to go more into 
detail of the expected differences in the visibility charac- 
teristics predicted for Gaussian and non-Gaussian noise. 
In Fig. Sll we compare two traces of v(Vd c ) for To = 0.5 
and To = 0.4 with the results of the numerical calcula- 
tions described in the following. 

Ref. [5] provides analytically-derived large-bias asymp- 
totics of the visibility of AB oscillations in Gaussian and 
non-Gaussian regimes. These asymptotics are based on 
the Levitov-Lesovik formula^ for the long-time behavior 
of the FCS generator of tunneling currents at the QPCO. 
However, large-bias asymptotics are not sufficient for a 
direct comparison with our experimental results. For this 
reason, we follow the approach proposed in Ref. [S] and 
evaluate the FCS generator numerically. To this end we 
use the determinant representation of the FCS genera- 
tor (see Refs. [7| and [TO| which allows one to express this 
generator as a determinant of a single-particle operator: 



/ e iXN(t) e -iXN(0)\ _ 

det[l - /(e) + exp(i\U{t) ® S(e))f(e)], (S22) 

where f(e) is the energy distribution function, U(t) is 
the projector on the time interval [Q,t], and S(e) is the 
scattering matrix of the QPCO. 

We introduce a finite bandwidth for the electrons in 
the incoming channels of QPCO and fix it to be 4000 
times larger than the level spacing. Thus, we reduce the 
problem of finding the FCS generator to the evaluation 
of the determinant of a finite matrix of the size 4000 by 
4000. The evaluation of such a determinant as a func- 
tion of time t and of the transparency To can be trivially 



0.3 



>? 0.2 



> 



1 ' 1 1 r 

• Experiment 

Numerics: A % = 0.5 

■ non-Gaussian/ 



Gaussian 




• Experiment 
Numerics: j-\ 
■ non-Gaussianj 



7^ = 0.4 



Gaussian 



>r 0.2 



> 




-50 



100 



FIG. Sll. Comparison to theory for To = 0.5, and 
To = 0.4 of sample B. In the fits of Gaussian (right half 
of graphs) and non-Gaussian (left half of graphs) noise the 
only free parameters are vq and V2 at To = 1. The better 
agreement to the non-Gaussian prediction is obvious. 



parallelized and has been done using the Blue Gene/P 
machine^. Then, we evaluate numerically the integral in 
the Eq. 3 of Ref. 5, which connects the visibility and the 
FCS generator via Eq. 7 of Ref. and find the visibility 
as a function of the voltage bias and of the transparency. 

To compare this numerical data to the experiment we 
determine from the data of To — 1, and the position 
of the 2 nd node V2 at To = 1 as in Fig. 4 in the main part. 

0.5 



Fig. Sll shows the bias dependent visibility for To 
and 0.4 in sample B with the numerical calculation for 
Gaussian and non-Gaussian noise. As one can see the 
nodes for the Gaussian prediction are expected for larger 
voltages as in the measurement and an additional side 
lobe should be present with a height that should be mea- 
sureable. The curve for the non-gaussian prediction fits 
much better and the only small discrepancy is the height 
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of the side lobe. This observation suggest again a strong, 
almost diverging, dephasing characteristic for the non- 
Gaussian noise distribution expected after QPCO. The 
situation is similar for To = 0.4 - multiple side lobes and 
position of nodes of the Gaussian prediction do not fit 
the measurement. 

In conclusion, the two parameters v Q and Vq deter- 



mined independently at 7o = 1 fix the whole set of vis- 
ibility curves calculated for Gaussian and non-Gaussian 
noise at different To- The experimental data agree much 
better with the non-Gaussian than with the Gaussian 
curves for all transmissions 7o- This provides striking 
evidence for the noise-induced phase transition proposed 
in Ref . 03 
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